On behalf of the DEFUSE investigators
Patients treated with intravenous tPA 3-6 hours after stroke onset (with informed consent) were evaluated in a HIPAAcompliant multicenter prospective study approved by all institutional review boards. MR imaging and MR angiography studies were performed before and 3-6 hours after treatment. MR angiography studies that were technically adequate at both time points were evaluated for occlusion, decreased flow, any early recanalization, and degree of recanalization. These results were compared with favorable clinical response (an improvement in National Institutes of Health Stroke Scale score of Ն8 points at 30 days or a modified Rankin scale score of 0 or 1 at 30 days) in patients with and those without mismatch between perfusion-and diffusionweighted imaging at baseline.
Results:
Seventy-four patients were enrolled in the initial investigation; pre-and posttreatment MR angiography studies were both technically adequate in 62 patients. MR angiography demonstrated occlusion or decreased flow in 46 patients. Patients with isolated middle cerebral artery (MCA) occlusion and early recanalization at MR angiography had higher rates of favorable clinical response than those with tandem internal carotid artery-MCA occlusion and early recanalization (P ϭ .05). Any early recanalization was not associated with favorable clinical response, but degree of recanalization did correlate with favorable clinical response (P ϭ .048). Favorable clinical response was more frequently seen in patients with mismatch between perfusion-and diffusion-weighted imaging findings at baseline who experienced early recanalization than in those who did not have early recanalization (odds ratio ϭ 6.2; 95% confidence interval: 1.3, 30.2; P ϭ .021). No relationship between early recanalization and favorable clinical response was seen in patients without mismatch.
Conclusion:
Early recanalization seen at MR angiography before and after treatment coupled with diffusion-and perfusion-weighted imaging data may predict clinical outcome in patients with stroke treated with tPA 3-6 hours after symptom onset.
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C urrently, intravenous tissue plasminogen activator (tPA) is approved for the treatment of acute ischemic stroke in a 3-hour window after symptom onset (1) . Trials based on unenhanced computed tomography (CT) studies that evaluated the use of this therapy in an expanded time window have not demonstrated a benefit (2) (3) (4) . Magnetic resonance (MR) imaging with diffusion-and perfusionweighted imaging may help identify patients likely to benefit from reperfusion therapy in an extended time window (5) (6) (7) . It has been suggested that patients with mismatch between perfusion-and diffusion-weighted imaging findings will benefit from reperfusion therapy. The mismatch between perfusion-and diffusion-weighted imaging findings is considered a marker for the presence of an ischemic penumbra. Results of multiple animal and human studies suggest that within hypoperfused brain regions, the ischemic penumbra can be salvaged with recanalization of occluded brain vessels. In this study, mismatch was defined as a perfusionweighted imaging volume that was 10 mL or more and 120% or more of the diffusion-weighted imaging lesion.
In a multicenter trial involving pretreatment MR imaging, the Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution (DEFUSE) study, it was hypothesized that patients treated in the 3-6-hour window with mismatch between perfusion-and diffusion-weighted imaging findings would have a more favorable clinical response after reperfusion compared with patients without a mismatch (8) . Eligible patients were 18 years of age or older, had been given a clinical diagnosis of ischemic stroke, had a National Institutes of Health Stroke Scale (NIHSS) score greater than 5, and could be treated with tPA within 3-6-hours after symptom onset. Patients were excluded if they had evidence of acute hemorrhage or clearly identifiable hypoattenuation involving more than onethird of the middle cerebral artery (MCA) territory at baseline unenhanced brain CT.
In the present study, we utilized the DEFUSE study patient population to evaluate pretreatment and early posttreatment MR angiography findings, along with profiles of baseline mismatch between perfusion-and diffusionweighted imaging findings and nonmismatch, to determine if the location of thrombosis or the degree of early recanalization correlated with clinical outcome. The analysis presented here differs from the analysis presented in our prior publication (8) in several ways. In this study, more detailed analysis of the specific MR angiography lesions was undertaken by two observers. MR angiography lesion location and recanalization rates were correlated with perfusionweighted imaging changes and clinical outcomes. In addition, relationships between MR angiography results and perfusion-weighted imaging findings were analyzed in more detail. The purpose of this study was to correlate MR angiography findings in patients with acute stroke treated with intravenous tPA with diffusion-and perfusion-weighted imaging changes and clinical outcome.
Materials and Methods
Patients were enrolled in DEFUSE, a prospective multicenter study. The primary results of that study have been previously reported (8) . The local institutional review board at each site approved the study. The study was conducted under Health Insurance Portability and Accountability Act guidelines, and patients enrolled in the study gave informed consent. Patients included in 
MR Angiography
Time-of-flight MR angiography was performed prior to the administration of the gadolinium chelate bolus used for perfusion-weighted imaging. The MR angiography parameters were as follows: flip angle, 20°; repetition time msec/echo time msec, 34/minimum; number of signals acquired, one; field of view, 24 cm 2 ; rectangular field of view, 75%; section thickness, 1 mm; number of sections, 116; acquisition matrix, 512 ϫ 128 interpolated to 512 ϫ 512; and receiver bandwidth, Ϯ32 kHz. To increase blood-tissue contrast, improvement of the time-of-flight sequence was achieved by using magnetization-transfer prepulses. Further enhancement of the image contrast between blood and tissue through consideration of saturation effects from slow-flowing blood and multiple radiofrequency excitations was achieved by breaking the three-dimensional slab into two smaller, overlapping volumes and by using a ramped excitation pulse with increasing flip angle in a distal direction. The amount of overlap between the two volumes was 12 sections. Because of the inclusion of MR imaging units from different vendors, slight variations of the MR angiography protocol across centers were allowed.
Analysis of Diffusion-weighted Images
Perfusion and diffusion volumetric analyses were performed by using software written in-house in Interactive Data Language, version 6.1 (Research Software, Boulder, Colo).
Regions of interest were identified on diffusion-weighted imaging lesion volumes by using a semiautomated thresholding algorithm that identified regions of high signal intensity that exceeded equivalent areas in the contralateral hemisphere by more than 3 standard deviations. Apparent diffusion coefficient maps were also generated and were used to confirm that the areas of high signal intensity on diffusionweighted images were indeed new ischemic lesions.
Analysis of Perfusion-weighted Images
Perfusion-weighted imaging maps were generated by using a previously described technique (9) . T max maps were used for all assessments. These were generated through deconvolution of the tissue concentration-over-time curve by using an arterial input function from the contralateral MCA (10) . The arterial input function describes the concentration of the gadolinium-based contrast agent over time as it enters the brain. This function is critical in determining hemodynamic parameters quantitatively with bolus-tracking MR imaging. In a previous pilot study (10), hypoperfusion volumes derived from an arterial input function from the contralateral MCA correlated best with final infarct volumes. T max demonstrates the degree to which the tissue response lags behind the arterial input into each voxel. T max can be considered to be a correction for the bolus arrival time, as it is affected by factors that would also influence the bolus (eg, injection timing and the patient's hemodynamic state). A 2-second delay for T max was used as the lower threshold indicating hypoperfused tissue (10) . The same prespecified threshold was used for all patients, including patients with a proximal carotid stenosis or occlusion, for which more severe thresholds might be more appropriate. Our acute stroke protocol did not mandate assessment of the extracranial carotid artery for the sake of time.
Lesion volume determination was performed by a single reader at the coordinating center. Mismatch between perfusion-and diffusionweighted imaging findings was defined as a perfusion-weighted imaging lesion that was greater than 120% of the diffusion-weighted imaging lesion volume and greater than 10 mL. During the course of the original DEFUSE study, after 34 patients had been included, a preplanned interim analysis showed that a specific baseline MR imaging pattern (large baseline diffusionweighted imaging lesions and large and severe perfusion-weighted imaging lesions) was associated with severe intracranial hemorrhage and poor outcome after reperfusion. This pattern was designated the "malignant profile." Therefore, on the basis of this analysis, a "target mismatch" profile was defined as a mismatch where the diffusion-weighted imaging volume was 100 mL or less and the perfusionweighted imaging lesion volume with a T max of 8 or more seconds was 100 mL or less (Fig 1) .
Analysis of MR Angiograms
The vessels of the circle of Willis, including the supraclinoid internal carotid artery (ICA), the MCA (M1 segment), the anterior cerebral artery (A1 segment), and the posterior cerebral artery (P1 seg-ment), were evaluated. A numeric scale was used to describe blood flow in the terminal ICA and the first branch (M1) of the MCA, with a score of 1 indicating normal flow; a score of 2, decreased flow; and a score of 3, occlusion (Fig 2) . For the anterior cerebral artery, the posterior cerebral artery, and the second branch (M2) of the MCA, a score of 1 indicated normal flow and a score of 2, abnormal flow.
The segments that recanalized were scored as to the degree of recanalization by using a score of two points (occluded to normal) or one point (occluded to decreased flow or decreased flow to normal). M2 branches were also evaluated for recanalization in circumstances when the entire upstream vasculature (the supraclinoid, carotid, and MCA M1 segments) was normal. The MR angiography rating scale described above for the anterior cerebral artery, the posterior cerebral artery, and the second branch (M2) of the MCA, as well the fact that assessment was performed with a second reader, differ slightly from the approach previously reported (8) . These changes in the MR angiography reading protocol resulted in four patients who were initially considered to have no MR angiography lesion being reclassified as follows: three were now considered to have MCA M2 lesions and one was considered to have a posterior cerebral artery lesion. All four of these patients had partial recanalization, and two of the four patients had a mismatch MR imaging profile. In addition, one patient with a mismatch profile who was initially classified as having no recanalization was reclassified as having complete recanalization.
Observers
Diffusion-weighted imaging lesion volumes were determined by a single observer (V.T., a stroke neurologist with 3 years of experience in analyzing diffusion-and perfusion-weighted imaging studies) at the coordinating center who was blinded to perfusion-weighted imaging and clinical information. In a separate session, arterial input function determination was performed and perfusion-weighted imaging lesion volume and perfusion-weighted imaging (top right) and target mismatch profile at diffusion-weighted imaging (bottom left) and perfusion-weighted imaging (bottom right). Color map data shows T max delay times in 2-second intervals. The malignant profile was defined as a baseline diffusion-weighted imaging volume of 100 mL or greater and/or a large and severe baseline perfusion abnormality (perfusion-weighted imaging volume with T max Ն 8 seconds, Ն100 mL). The target mismatch profile was defined as a mismatch that did not satisfy the conditions of the malignant profile. measurements were calculated by the same observer (V.T.), who was aware of the side of the ischemic lesion but was blinded to diffusion-weighted imaging findings and clinical information. Baseline perfusion-weighted images were interpreted before follow-up perfusion-weighted images in the same session. An analysis of source and maximum intensity projection images from the MR angiography studies was performed by a neuroradiologist (M.P.M., with 18 years of experience in interpreting MR angiography studies) and a stroke neurologist (J.M.O., with 10 years of experience), who were blinded to clinical data except the hemisphere of the brain that corresponded to the patient's stroke symptoms. The MR angiography studies at both baseline and 3-6 hours after tPA were directly compared at the time of reading. The MR angiography studies were initially evaluated independently by the two readers. Any discrepancies were reanalyzed jointly, and the scoring of the vessel in question was agreed to. Seven (11%) of 62 studies required a consensus reading for the presence of an initial lesion. Twelve (26%) of 46 studies required a consensus reading for the degree of recanalization.
Clinical End Points
A favorable clinical response was defined as an improvement in the NIHSS score of more than 8 points between baseline and 30 days or a modified Rankin scale score of 0 or 1 at 30 days. The modified Rankin scale is a disability scale. Patients with a Rankin scale score of 0 report no remaining symptoms after stroke, and patients with a score of 1 report only symptoms but have no remaining disability.
This end point was chosen on the basis of preliminary data that suggested that patients with a mismatch between perfusion-and diffusion-weighted imaging findings who had reperfusion after tPA therapy typically showed improvement in the NIHSS score of at least 8 points between baseline and day 30. In contrast, patients who did not have successful reperfusion rarely showed improvement in the NIHSS score of more than 7 points. The criterion of improvement of 8 or more points allowed patients who had had a severe stroke to be considered to have therapeutic success if they had a substantial improvement in NIHSS score, even if they were left with some disability. However, because patients with NIHSS scores of less than 5 were eligible for the DEFUSE study, a "compound" primary end point was chosen; patients with a baseline NIHSS score of less than 8 could achieve a favorable clinical response if they had a complete recovery (score of 0 or 1) on the NIHSS by day 30.
Statistics
Statistics were performed by using software (SPSS for Windows, version 10.0; SPSS, Chicago, Ill).
The Fisher exact test or the Pearson 2 test was used to test associations between clinical outcome and MR angiography and MR imaging data. Recanalization was dichotomized into partial and complete recanalization versus no recanalization. The dichotomized comparisons of any recanalization versus no recanalization when compared with clinical outcome and lesion volumes were evaluated by using the Student t test. The analysis of variance test with a weighted linear trend or the nonparametric Spearman rank correlation test was used to evaluate the relationship between increasing degrees of recanalization and clinical and imaging parameters. The choice of statistical test depended on the distribution of the observed data. All statistical tests were two tailed, and P Ͻ .05 was considered to indicate a significant difference.
Results
Seventy-four patients were enrolled in the initial DEFUSE study. MR angiography studies were technically adequate at both baseline and 3-6 hours after treatment in 62 (84%) of the patients; this group constitutes the study population for this analysis (Fig 3) . Table 1 lists the baseline characteristics of these patients. At baseline, there was no significant difference between patients who experienced recanalization and those who did not in terms of age, NIHSS score, diffusion-weighted imaging volume, or perfusion-weighted imaging volume. Twenty-six (42%) of the 62 patients had a favorable clinical response.
Median time to treatment was 326 minutes, and median time from bolus tPA injection to the second MR angiography study was 254 minutes. MR angiography demonstrated a symptomatic artery (occlusion or decreased flow) in 46 (74%) of the patients. Twenty-one (46%) of the 46 patients showed early recanalization at initial follow-up MR angiography performed 3-6 hours after injection of the tPA bolus, with 12 (26%) of these patients showing complete recanalization and nine (20%) showing partial recanalization. Table 2 shows the recanalization data according to the location of the abnormality at the baseline MR angiography study. Table 3 displays the relationship between recanalization, favorable clinical response, and location of the lesion at baseline MR angiography. The overall rate of favorable clinical response in patients with a lesion at baseline MR angiography was 39%. The rate of favorable clinical response was 52% (11 of 21) in patients with early recanalization, compared with 28% (seven of 25) in patients with no early recanalization (P ϭ .09, Pearson 2 test). Among the 16 patients in whom a lesion was not identified at initial MR angiography, eight (50%) had a favorable clinical response.
Twenty-eight patients had an infarct from an isolated MCA lesion, 14 (50%) of whom experienced early recanalization. Fifteen patients had tandem ICA-MCA lesions, six (40%) of whom experienced early recanalization. Nine (32%) of the patients with isolated MCA occlusion experienced complete recanalization, while only two (13%) of the patients with tandem ICA-MCA lesions experienced complete recanalization. The rate of favorable clinical response in patients with isolated MCA occlusion and recanalization (71%, 10 of 14) was significantly higher than the rate of favorable clinical response observed among patients with tandem ICA-MCA lesions (17%, one of six) (P ϭ .05, Fisher exact test). Table 4 shows the relationship between early recanalization, change in perfusion-weighted imaging volume, and favorable clinical response. There was no significant association between any degree of recanalization (both oneand two-point recanalization) and favorable clinical response (odds ratio ϭ 2.8; 95% confidence interval: 0.8, 9.6; P ϭ .132), but any recanalization was associated with a significant reduction in perfusion-weighted imaging volume (P ϭ .03, Student t test). There was, however, an association between favorable clinical response and the degree of recanalization. Eighty percent of the patients with two-point recanalization had favorable clinical response, compared with 44% of the patients with one-point recanalization and 28% of the patients with no recanalization (P ϭ .048). An analysis of variance test with weighted linear trend also revealed a significant relationship between degree of recanalization and perfusion-weighted imaging volume reduction (two-point recanalization: Ϫ66 mL; one-point recanalization: Ϫ16.5 mL; no recanalization: 0 mL; P ϭ .001). Table 5 shows the relationship between early recanalization, clinical outcome, and change in perfusionweighted imaging volume in those patients with a mismatch between perfusion-and diffusion-weighted imaging findings or a target mismatch at baseline imaging. Twenty-nine patients with an initial symptomatic artery lesion exhibited a mismatch MR imaging profile, 15 (52%) of whom experienced early recanalization. Nine (60%) of these 15 patients had a favorable clinical response, compared with only two (14%) of the 14 patients who did not experience recanalization (odds ratio ϭ 6.2; 95% confidence interval: 1.3, 30.2; P ϭ .021). Increasing degrees of recanalization were also associated with changes in NIHSS score between baseline and 30 days (P ϭ .011) and with percentage volume reduction of the perfusion-weighted imaging deficit (P ϭ .001, Student t test). Thirteen of the study patients did not have mismatch (four patients were not included in the mismatch analysis because of technically inadequate perfusion-weighted imaging studies at one of the time points). In this group without mismatch, six (46%) experienced early recanalization. The group of patients without mismatch showed no association with early recanalization and favorable clinical response. Two (33%) of six patients in this group with early recanalization had a favorable clinical response, while three (43%) of seven patients without early recanalization also had a favorable clinical response (P Ͼ .99). Twenty-six patients with an initial symptomatic artery lesion exhibited a target mismatch MR imaging profile. Thirteen (50%) experienced early recanalization. Nine (69%) of these 13 patients had a favorable clinical response, compared with only two (15%) of the 13 patients with target mismatch and no recanalization who had a favorable clinical response. The target mismatch profile with early recanalization was significantly associated with favorable clinical response (P ϭ .013). The odds ratio of a favorable clinical response among patients with target mismatch and early recanalization was 13.5 (95% confidence interval: 2.0, 90.69). Increasing degree of recanalization was also significantly associated with a modified Rankin scale score of 0 -2 at 30 days (P ϭ .011), a modified Rankin scale score of 0 -2 at 90 days (P ϭ .043), a change in NIHSS score from baseline to first follow-up (P ϭ .003), a change in NIHSS score from baseline to 30 days (P ϭ .006), percentage volume reduction at perfusion-weighted imaging (P ϭ .001), and volume reduction at perfusion-weighted imaging (P ϭ .017).
Sixteen patients did not have a target mismatch MR imaging profile. Eight of the patients without a target mismatch profile experienced early recanalization. Two (25%) of these eight patients had a favorable clinical response, compared with five (62%) of the eight patients who did not experience early recanalization. There was a significant difference between the odds ratio for favorable clinical response observed among the patients with target mismatch and recanalization and that observed among the patients without target mismatch and with recanalization (P ϭ .012). Figure 4 provides a summary of odds ratios for achieving a favorable clinical response for subgroups of patients with recanalization compared with those in patients in the same subgroup who did not experience recanalization. Significant differences in terms of favorable clinical response were identified in patients with mismatch or target mismatch who showed early recanalization (P ϭ .021 and P ϭ .015, respectively). No relationship between favorable clinical response and early recanalization was seen in patients without mismatch, patients without target mismatch, or for the entire study group.
Discussion
These results demonstrate an association between early recanalization at MR angiography and a favorable clinical response in patients with a mismatch between baseline perfusion-and diffusionweighted imaging findings when they are treated with intravenous tPA in a 3-6-hour window. Early recanalization at MR angiography was also associated with a reduction in perfusion-weighted imaging volume at immediate follow-up imaging. In addition, patients with recanalization of an MCA occlusion were more likely to have a favorable outcome compared with patients who had recanalization of a tandem ICA-MCA occlusion. Moreover, there was a significant difference between the odds ratio of favorable clinical response observed among the patients with target mismatch and recanalization and that observed among patients without target mismatch and with recanalization. A mismatch at baseline imaging between diffusion-and perfusion-weighted imaging volumes has been used as an imaging characteristic that is thought to identify patients who are likely to benefit from thrombolytic therapy (5-7). This mismatch pattern has been shown to correlate with MR angiographybased findings at initial imaging that show absent flow in the MCA (11) . These results suggest that the combined use of the MR angiography findings and mismatch between diffusion-and perfusion-weighted imaging findings at baseline can help predict both clinical and imaging outcomes in patients with acute stroke treated with intravenous tPA 3-6 hours after symptom onset.
To our knowledge, this is the first study to use a prospectively obtained early time window to evaluate changes at MR angiography and diffusion-and perfusion-weighted imaging compared with those at pretreatment imaging. Early recanalization was seen in 46% of the patients examined with MR angiography 3-6 hours after treatment. In a recent meta-analysis of 2066 patients (12) , recanalization rates measured with various imaging techniques after administration of intravenous tPA were only 46.2%, compared with 63.2% after administration of intraarterial tPA and 83.6% after mechanical thrombolysis. Direct comparisons of these treatment approaches have not yet been performed.
Only ultrasonography (US) and conventional angiography have been used to assess recanalization within a few hours after treatment (13, 14) . US revealed a 33.5% rate of recanalization in the first 2 hours after intravenous treatment (14) . In addition, US revealed higher rates of recanalization in patients with MCA occlusion alone compared with patients with tandem ICA-MCA occlusion. The rate of recanalization at US varied from 44.2% in the distal MCA to 27% for tandem ICA-MCA lesions (14) . A separate US-based analysis also found tandem ICA-MCA occlusion to be a predictor of absence of recanalization (15) . Our study showed higher rates of complete recanalization in patients with isolated MCA occlusion. In addition, our results also demonstrate that the rate of favorable clinical response was higher in patients with isolated MCA occlusion and recanalization than in those with tandem ICA-MCA occlusion and recanalization.
Rather than rate the degree of stenosis, we used a simplified scale for the MR angiography evaluations. We used a rating of occlusion, decreased flow, or normal flow in the ICA and the M1 segment of the MCA. We chose this threepoint scale for the ICA and MCA and a two-point scale (normal or abnormal) for the other arteries of the circle of Willis, as compared with the four-point Thrombolysis in Myocardial Infarction and Thrombolysis in Cerebral Ischemia scales. This was done because of the limitations of time-of-flight MR angiography. Perhaps with the increased resolution of contrast material-enhanced MR angiography or CT angiography, a more detailed scale could be utilized. The degree of recanalization influenced both the perfusion-weighted imaging volume change and the clinical outcome in patients with mismatch. Those patients with one-point recanalization had a smaller decrease in perfusionweighted imaging volume, compared with an impressive volume change in the patients with two-point recanalization. Favorable clinical response was seen in 80% of the patients with twopoint recanalization and in 44% of the patients with one-point recanalization.
In the DEFUSE study, 1020 patients were screened to enroll 74 patients (7%). This enrollment rate is comparable to or greater than that achieved for previous neuroprotective and thrombolytic trials involving patients with stroke in this time window. Once the value of MR imaging for predicting the response to reperfusion therapy is clearly established, acute MR imaging availability and treatment rates are likely to increase.
This study had limitations. It is important to acknowledge that the study sample was small. Therefore, results of subgroup analyses in this study should be interpreted with caution. It may have been inappropriate to pool patients with partial recanalization and those with complete recanalization into a single response group. Similarly, the spatial resolution of the time-of-flight MR angiography performed in this study may have been inadequate to depict occlusions in smaller distal vessels. More sensitive MR angiography techniques may have depicted occlusions in some of our patients. For analysis of perfusionweighted images, the status of the extracranial brain-supplying vessels was not taken into consideration. This might have biased the size of the perfusionweighted imaging lesion volumes.
These results suggest that a patient with a target mismatch and MR angiography-proved occlusion of the anterior circulation is likely to benefit from recanalization in the 3-6-hour time window with intravenous tPA. However, this study was not a randomized trial designed to demonstrate the efficacy of intravenous tPA in this time window. A randomized trial will be needed to confirm the efficacy of this therapeutic approach. The degree of recanalization seen in this study was associated with outcome. This fact, coupled with relatively low recanalization rates after intravenous tPA administration, suggests that more efficient therapeutic techniques such as intraarterial approaches may be more beneficial.
